We report on measurements of the cosmic-ray induced γ-ray emission of Earth's atmosphere by the Large Area Telescope onboard the Fermi Gamma-ray Space Telescope. The LAT has observed the Earth during its commissioning phase and with a dedicated Earth-limb following observation in September 2008. These measurements yielded ∼ 6.4 × 10 6 photons with energies > 100 MeV and ∼ 250 hours total livetime for the highest quality data selection. This allows the study of the spatial and spectral distributions of these photons with unprecedented detail. The spectrum of the emission -often referred to as Earth albedo gamma-ray emission -has a power-law shape up to 500 GeV with spectral index Γ = 2.79 ± 0.06.
I. INTRODUCTION
For an earth-orbiting γ-ray detector such as the Large Area Telescope (LAT) on board the Fermi γ-ray Space Telescope (Fermi), the Earth is the brightest source in the sky due to its proximity. The γ-ray emission from the Earth is produced by cosmic-ray interactions with the Earth's atmosphere, and is often called the γ-ray albedo. The vast majority of cosmic rays are protons and heavier nuclei. Atmospheric γ-ray emission is the result of cosmicray cascades, mainly through the decay of neutral pions and kaons and through Bremsstrahlung of electrons and positrons (dominating at energies below ∼50 MeV [1] ). Due to the kinematics of the collisions, the cross sections of these processes at high energies are peaked in the forward direction.
The spectrum of the albedo γ-rays is not uniform across the Earth's disk. The spectrum of the inner part of the disk is soft owing to the small number of secondary particles, typically neutral pions, that are back-scattered at large angles relative to the direction of the cosmic-ray cascade developing deep into the atmosphere. Cosmic rays that enter the atmosphere near grazing incidence produce showers whose forward-moving γ-rays can penetrate the thin atmospheric layer making the limb bright when viewed from orbit. The geometric effect of shower production and absorption in the atmosphere producing a bright γ-ray horizon was first calculated by Stecker [2] . A Monte Carlo model of γ-ray production by cosmic-ray interactions in the atmosphere later developed by Morris [1] produced reasonable agreement with the spatial and spectral measurements by various balloon-borne and spacecraft instruments.
The Earth's γ-ray emission has been observed by several previous satellite missions starting as early as the 1960s with a detector flown on the third Orbiting Solar Observatory, OSO-3 , for energies above 50 MeV [3] . This instrument detected an enhancement of γ-rays when pointing towards the Earth, consistent with balloon flight measurements [4, 5, 6, 7, 8] and followed up by other satellite missions [9, 10, 11, 12] . A more detailed study of the γ-ray emission from interactions of cosmic rays with the Earth's atmosphere was done by Thompson et al. [13] using approximately 6700 γ-ray events from the Earth, recorded with the second Small Astronomy Satellite, SAS-2 . These early measurements showed a clear peak of γ-ray intensity towards the Earth horizon, with a factor of ∼10 larger intensity than seen towards the nadir direction. Also they show a modulation of the γ-ray intensity with respect to the east-west direction as expected from the deflection of cosmic rays in the Earth's magnetic field. These findings were confirmed and extended to higher energies with the high-energy γ-ray satellite detector on-board the Compton Gamma-Ray Observatory (CGRO), the Energetic γ-ray Experiment Telescope (EGRET). EGRET was in operation from 1991 to 2000, and approximately 60% of the mission's total 5.2 million events were measured from the Earth direction [14] .
The next generation γ-ray observatory, Fermi, was launched on 11 June 2008. The primary instrument on Fermi, the Large Area Telescope (LAT), is a pair-conversion telescope that detects γ-rays through conversion into an e + -e − -pair. The trajectories of this pair are recorded in the tracker and allows for the reconstruction of the direction of the incident photon. The subsequent particle shower development is sampled in the tracker and a calorimeter to determine the photon energy. The LAT's wide field of view (∼ 2.4 sr), effective area (∼ 8000 cm 2 at 1 GeV), improved point spread function (PSF), and broad energy coverage (20 MeV to > 300 GeV) provide significantly improved sensitivity over its predecessors [15] .
During routine science operations (the so-called "survey" mode), the LAT points away from the Earth because of the relative brightness of the Earth at GeV γ-ray energies and the background it would introduce to astrophysical sources. The center of the field-of-view (z-axis) of the LAT is kept within 35
• relative to the zenith (the direction pointing away from the center of the Earth) for most of the time 1 . However, during the commissioning phase of the instrument, the pointing was such that parts of the Earth were within the field-of-view at varying angles with respect to the LAT z-axis. In addition, during September 2008 a dedicated observation of the Earth's limb was made. This combined dataset can be used for the analysis of the albedo emission.
There are several reasons that render a study of the Earth's γ-ray albedo with the LAT useful. First, measurements of the albedo γ-rays contribute to the understanding of the celestial γ-ray background for the LAT and future satellite instruments. Second, such observations can be used for a calibration of the LAT instrument. Finally, if the production of secondary γ-rays in the Earth's atmosphere is sufficiently well understood and modeled, observations of the albedo emission yield a measurement of the interactions of primary cosmic rays with the Earth's atmosphere and can, therefore, provide information on the spectrum of primary cosmic rays, interaction cross sections, atmospheric properties, and the deflection of primary cosmic rays by the geomagnetic field.
The current work describes the analysis of the Earth's γ-rays albedo emission at energies above 100 MeV observed with the LAT.
II. DATASET
Two main data sets have been used: (i) the Launch & Early Operations (LEO) data taken during the first 60 days of the mission, during which time the Earth limb was often closer to the field of view than during a regular sky survey (only data were used that were suitable for science observations), (ii) two orbits (i.e. close to 3 hours) of direct limb observations during which the Earth limb was kept within the field of view with the aim of adding on-axis photons to the overall data set. The LEO data contain many different observation modes, but the main modes are a north-orbital-pole pointing and a pointing mode with the LAT z-axis centered at the Vela pulsar. All results shown here are averaged over many orbits of Fermi and correspond to the highest quality event selection currently available for the LAT data (the so-called "diffuse" class events [15] ). The total number of events > 100 MeV in our dataset is ∼ 6.4 × 10 6 corresponding to ∼ 250 hours of livetime. The maximum total exposure is close to the Earth north pole with ∼ 2 × 10 9 cm 2 s at 1 GeV. In addition to the standard diffuse cuts, corresponding to the post-launch instrument response functions P6V3 , we applied the following selections:
• Θ nadir < 80
• to select photons coming from the earth.
• Θ LAT < 65
• to avoid the edge of the field of view of the LAT (Θ LAT being the angle with respect to the LAT z-axis).
III. RESULTS

A. Intensity Maps
To generate intensity maps we transform the incident photon directions into the Earth-centric coordinate system with angles Θ nadir and Φ nadir denoting the zenithal and azimuthal angle about the direction pointing from the spacecraft towards the center of the Earth, where Φ nadir = 0 corresponds to the north. The photons were binned in solid angle for energy intervals with spacing 10 bins per decade from 200 MeV up to 500 GeV. The solid angle bins were spaced equally in 5
• bins in Φ nadir with an energy dependent binning in Θ nadir changing from 1
• at 200 MeV to 0.1
• above 10 GeV to take into account the LAT's energy-dependent angular resolution. The LAT pointing and livetime history were evaluated in the same coordinate system in 30-second time steps, creating maps of the exposure of the spacecraft to allow conversion from photon counts per solid angle to intensities. Figure 1 shows the resulting exposure and photon intensity maps for 3 different energy bands (left: 200 MeV to 1 GeV, center: 1 GeV to 10 GeV, right: 10 GeV to 500 GeV). The center of each plot (i.e. Θ nadir = 0
• ) is the nadir direction, while the edge of the plots are the horizon at LAT's altitude (Θ nadir = 90
• ). North is to the top of the maps and west to the left. All intensity maps have been background corrected by subtracting the average intensity from a ring between Θ nadir = 79
• to 80
• averaged over Φ nadir . The exposure is a factor ∼ 2 higher in the north compared to south (top row). This is due to the observation strategy in which the majority of the data were taken during a north-orbital pole pointing. The exposure increases with energy due to the increase in the LAT effective area. It can also be seen that towards the nadir the exposure is much lower than towards the rim. To avoid the introduction of large errors from low exposure bins in the spectral analysis, areas where the exposure is less than 0.5% of the maximum exposure in the corresponding energy band are excluded from the analysis in all energy bands. The discarded areas due to low exposure match the black regions in the center of the exposure maps. Compared with EGRET, the LAT exposure is about a factor of ∼ 30 larger [14] .
The γ-ray intensity maps (bottom row) in units of photons cm −2 s −1 sr −1 show the bright limb of the Earth, with the emission becoming less intense toward nadir. The Earth limb is very bright with intensities of up to 0.01 photons cm −2 s −1 sr −1 in the low energy bands -more than one order of magnitude brighter than the center of the Galaxy for the same energy range. The narrowing of the emission with increasing energy is an effect of both the PSF of the LAT improving at higher energies [15] and the increasing contribution by γ-rays produced in the forward direction of the cosmic-ray showering at higher energies. Only 27 photons above 10 GeV are detected with angles Θ nadir < 60
• . The maximum of the γ-ray emission is detected from a narrow region at Θ nadir ∼ 68
• . The intensity maps also show significant modulation between east and west with the effect decreasing as the γ-ray energy increases (this is the so-called "east-west effect"). Photons arriving from directions excluded from the analysis due to low exposure are not shown on the maps.
Our measurements are in a good qualitative agreement with expectations from standard cosmic-ray air-shower phenomenology.
The east-west effect that can be seen in the lower energy intensity maps is due to the deflection of cosmic rays in the Earth's magnetic field. If there was no magnetic field the cosmic ray intensities at the top of the atmosphere would be isotropic, and no east-west asymmetry would exist. However, the presence of the magnetic field biases the cosmic-ray intensities interacting in the atmosphere. There are fewer cosmic rays interacting from an easterly direction than the west because the magnetic field disallows trajectories from the east. This effect is energy dependent so that low-energy cosmic rays are affected more than high-energy cosmic rays (those with energies above ∼ 50 GeV are unaffected). Since the majority of the emission near the limb comes from viewing the development of the cosmic-ray showers in the forward direction, the reduced cosmic-ray intensity from the east effectively suppresses the shower products coming from this direction. This effect vanishes when the atmospheric photons are predominantly generated by cosmic rays that have large enough energies to allow them to reach the atmosphere undeflected by Earth's magnetic field. This is the case for secondary photons with energies 10 GeV. The coordinate system in these maps is a polar representation such that the nadir-direction (i.e. looking down towards the center of the Earth) with Θ nadir = 0
• is at the center of the plot. Θ nadir is increasing in radial direction with the edge of the plot towards the horizon at Θ nadir = 90
• . The north pole is to the top and west is to the left. The exposure maps are given in units of cm 2 s, the intensity maps in units of cm
The high-energy γ-rays (E γ > 10 GeV) are concentrated in a very narrow band toward, but not exactly aligned with, the Earth-limb angle, which is at 66.7
• for the LAT's orbital altitude of 565 km. At these high energies the number of back-scattered γ-rays formed in the shower development is negligible and the intensity is dominated by forwardemitted γ-rays from incident cosmic rays with tangential directions to the Earth's surface. Vertically incident showers have their first interaction in the range between 10-20 km, which corresponds to Θ nadir ∼ 67
• . The atmospheric column density in the limb direction is large, being many attenuation lengths of material, which suppresses the γ-ray emission close to the limb. In addition, the LAT views mostly grazing-incidence cosmic rays in the higher parts of the atmosphere. Therefore the maximum of the emission is in the range between Θ nadir = 67
• to 69
• . For zenith angles larger than about Θ nadir = 70
• the atmospheric depth left to produce a hadronic shower becomes too low and, therefore, very few γ-rays are detected. For zenith-angles smaller than the limb angle at Θ nadir ∼ 66.7
• , the Earth and its atmosphere form an opaque barrier to forward-emitted γ-rays. Only the significantly lower-intensity back-scattered and off-axis emission from the cosmic-ray shower development is detected for these viewing angles. Thus, the maps above 10 GeV show a very narrow band close to but not at the Earth's limb.
B. Spectrum Figure 2 shows the LAT-measured energy spectrum of the atmospheric γ-rays for different nadir bands integrated over azimuth angles. The spectra have been corrected for spill-over effects due to the LAT PSF. This was done by measuring the intensity in each energy bin outside of the Earth limb, where very little emission is expected due to E(MeV) Also shown are γ-ray spectra for the inner parts of the Earth's disk (filled circles and points). Indicated are both statistical and systematic errors (grey band), the latter derived from studies of the Vela pulsar. The inset shows a comparison to previous data by the SAS-2 satellite [13] . To allow for a direction comparison, the limb-spectrum is also shown for a larger integration region (58
• < Θ nadir < 78 • ) corresponding to the SAS-2 measurement. The bottom panel shows the limb-spectrum multiplied by energy to the power 2.75.
the significantly lower atmospheric density. Outside of the rim is defined here as 70
• < Θ nadir < 73
• . Only for the low energy part of the spectrum (below ∼ 1.5 GeV) this spill-over effect is relevant. Beyond that energy the intensity outside the rim is lower by many orders of magnitude than the intensity from inside the rim.
The average differential spectrum of the limb region (open circles), i.e. for 66
• < Θ nadir < 70
• , shows evidence for a turn-over at energies below 3 GeV. Between 3 GeV and 500 GeV the spectrum can be fitted with a power-law dN/dE = I 0 E −Γ with normalization I 0 = (7.4 ± 1.0) × 10 2 MeV −1 cm −2 s −1 sr −1 and photon index Γ = 2.79 ± 0.06. Since both the intensity and the exposure vary considerably over the limb region, a derivation of the statistical errors is not straightforward. To determine the statistical errors we use a Monte Carlo technique: 1000 pseudo-count experiments are generated for each energy bin, using the LAT exposure and a model of the gamma-ray intensity emitted by the Earth albedo derived from EGRET observations [14] . In this model, the average intensity from the
For the fit, the systematic errors (shown as grey band) have been taken into account, conservatively adding them linearly to the statistical errors. These systematic errors have been derived from Vela observations by comparing the measured γ-rays to various simulation of γ-rays from Vela where these simulations take the uncertainties in the instrument response functions into account [16] . These systematic errors therefore essentially show the contribution from the uncertainties in the effective area of the instrument. For energies above 10 GeV, the systematic errors are less well known (due to the Vela cutoff) and have been extrapolated from the value at 10 GeV. For this high-statistics data set, the systematic errors dominate over the statistical errors nearly up to the highest energies.
The bottom panel of Fig. 2 shows the differential intensity multiplied by E 2.75 -the spectral index of cosmic-ray protons [17, 18] . The χ 2 of the fit is 1.2 for 19 degrees of freedom when using the systematic errors in the fitting (χ 2 /ndf = 89/19 when using only statistical errors). The integrated intensity of Earth's limb above 100 MeV is 5.2 × 10 −3 cm −2 s −1 sr −1 , which makes the Earth by far the single brightest source in the LAT energy range. For this data set there are 16 photons above 500 GeV and 3 events above 1 TeV with the highest energy photon having an energy of 1.14 TeV. Events above 500 GeV have not been used in the spectral analysis since the energy calibration of the LAT is still under investigation at these energies. Also shown as solid circles and dots are the spectra for two inner regions of the Earth's disk (60
• < Θ nadir < 66
• and 30
• < Θ nadir < 60 • ). The spectra become much softer above a few hundred MeV when moving towards the inner part of the disk. Fitting the inner parts by a power-law with energy-dependent index of the form dN/dE = I 0 E −Γ−βlog10(E/MeV ) yields Γ = 7.76±3.1 and β = 1.78±0.5 for the range between 60
• and Γ = 6.9 ± 0.1 and β = 1.90 ± 0.02 for the range between 30
• < Θ nadir < 660
• . The spectrum of the Earth's limb is dominated by γ-rays from cosmic ray interactions in the upper atmospheric layers (in tangential directions) pointed towards the LAT that do not suffer large energy losses in the atmosphere (as compared to the back-scattered γ-rays). At high γ-ray energies (above 3.2 GeV) the spectrum enters the regime of cosmic-ray primaries ( 10 GeV) unaffected by the Earth's magnetic fields, and, therefore, should have a spectral index close to that of cosmic rays [19] . The fitted power-law index of the atmospheric γ-ray emission from the limb is Γ = 2.79 ± 0.05, compared to an index of Γ = 2.75 ± 0.03 for the primary cosmic-ray spectrum. Since the spectrum of cosmic rays is well measured, eventually, the γ-rays from the Earth's atmosphere might help to calibrate the effective area of the LAT beyond the energy regime where we have test-beam data. As previously described, moving from the limb to the inner regions of the Earth, the LAT moves from measuring the CR showers from a predominantly forward direction to a side-on view and then to a backward direction. This results in a much steeper spectrum for the inner parts with very few γ-rays above 1 GeV as shown by the filled circles.
The inset in the top panel of Fig. 2 shows a comparison with previous results as published in Thompson et al. [13] . The spectra are qualitatively similar when taking into account the region for which the SAS-2 spectrum had been derived (±10
• around the Earth limb). The differences in the measured flux could be due to the limited energy resolution of SAS-2 or the fact that when the PSF is folded into the integration region, the match in areas over which the measurements were taken is not perfect. Figure 3 shows an azimuthal profile of the limb emission (i.e. for 60
C. Azimuthal and Zenithal profiles
• < Θ nadir < 75 • ) for four different energy bands (0.2-1 GeV, 1-10 GeV, 10-30 GeV and above 30 GeV). As can be seen, the east-west effect is a very prominent modulation at low energies with a factor of ∼ 5 intensity difference between the minimum in the east (at Φ nadir = 90
• ) and the maximum in the west (at Φ nadir = 270
• ). This factor is consistent with what has been shown for EGRET data [14] . The difference in intensity between the east and the west for the highest energy band is consistent within errors with no modulation ((8.0 ± 2.0) × 10 cm −2 s −1 sr −1 from the west). The no-modulation hypothesis provides an acceptable fit only for the > 30 GeV band (χ 2 = 74 for 71 degrees of freedom). All other bands show the variation in intensity with azimuth and hence a poor fit to a constant (for example, the 10 − 30 GeV band has a χ 2 = 188 for 71 degrees of freedom). A comparison between the intensity from the north and the intensity from the south is consistent within errors (variation is below 15%). The behavior of these azimuthal variations can be qualitatively understood taking into account the production mechanism. Low-energy cosmic-ray shower products are altered by Earth's magnetic field and due to their predominantly positive charge preferentially selects particles coming from the west. Higher-energy cosmic rays have higher magnetic rigidities and are therefore less affected by Earth's magnetic field. Fig. 4 shows the zenith angle distribution for several energy bands separated into angular segments of 90
• referenced to the nadir centred on the directions north, east, south, and west. These plots have been background subtracted by taking the average intensity in the wedge at Θ nadir = 80
• (beyond the Earth's disk) as a background estimation. For comparison the dashed line shows the LAT PSF (averaged between front and back-converting events) calculated for the lower bound of the energy bin (the low energy photons dominate the emission in each of the energy bins). Note that for the two higher-energy bins the range and the bin size of these histograms have been reduced to feature the limb emission. As can be seen, the Earth emission is wider than the LAT PSF even for the highest band, in which the LAT PSF is better than 0.1
• (68% containment radius). The good agreement in intensity from north and south can be seen in this figure which provides a systematic check on the true nature of the east-west effect.
The angular distribution of photons near the rim can be used to compare the γ-ray emission with a simple atmospheric model to investigate the effect of the absorption of γ-rays. The proton-air interaction length is X i ∼ 85 g cm −2 , which can be estimated using the value ∼275 mb for the total inelastic p 14 N cross section [20] . In the thin target regime, when the atmospheric depth is X ≪ X i , the intensity of produced γ-rays is ∝ X. A competing process is the attenuation of γ-rays due to the e + e − -pair production, with the corresponding scale, the radiation length, of X 0 ∼ 38 g cm −2 in the atmosphere [21] . The interplay between these processes sets the value of column density when the effect of absorption of γ-rays becomes noticeable 10 g cm −2 . Indeed, this behavior is demonstrated in Figure 5 , which shows the integrated atmospheric column depth along the line of sight for a given nadir angle at a height 560 km for two different atmospheric models. The solid line shows the curve for a simple model of the atmosphere with an exponential density profile with scale height 6.8 km [22] following the barometer formula X(h) = X(h = 0)e −(h/hs) with X(h) in units of g cm −2 denoting the column density of air overlaying a point at altitude h in cm. The dashed line shows a more realistic atmospheric model (NRLMSISE-00) as given by Picone et al. [23] . Overlaid on the atmospheric column densities is the γ-ray intensity (scaled to match the barometric atmosphere profile) averaged over all theta angles (solid circles). Also shown is the deconvolved LAT intensity (open circles) in these angles for the PSF at the median energy of this data set (4.7 GeV). The plot shows, that far enough out beyond the rim (in the plot for angles Θ nadir > 68.3
• ), the γ-ray intensity follows closely the column density. This region is the thin-target regime, in which the attenuation of γ-rays is not important yet and the intensity scales directly with the amount of atmosphere for the proton-air interaction. For column densities larger than ∼ 10 g cm −2 the atmosphere starts to be optically thick for γ-rays and absorption (i.e. a deviation from the scaling with density) sets in.
If the target is thin enough that the secondary γ-rays are practically not attenuated, the observed γ-ray intensity should have a power-law index close to the index of ambient cosmic rays. Indeed, it has been shown that the assumption of a constant fraction κ ∼ 0.17 of energy of the incident proton released in the secondary γ-rays (δ-function approximation) works well in proton-proton interactions for 1 GeV E γ 100 GeV [19, 24] . The Earth's atmosphere consists predominantly of N and O, and there is a significant fraction of He in cosmic rays. This difference in the beam and target composition could be taken into account by introducing an approximate energy independent correction factor, but we are currently interested in the spectral slope and not in the absolute normalization of the γ-ray intensity. Therefore, a comparison of the ambient spectrum of protons, with the energy scaled by a factor of κ, with the observed spectrum of γ-rays may be used to check the equality of their spectral indices and to test the energy calibration of the LAT instrument. Figure 6 shows the γ-ray spectrum for the optically thin region (68.6
• < Θ nadir < 69.6
• ) compared to the proton spectrum with the energy scaled by a factor of κ. The proton intensity is scaled by first scaling the energy of each intensity point by a factor κ, and then re-normalizing the resulting proton intensity down by 0.7. In this way the proton intensity matches the γ-ray intensity at 1 GeV (i.e., the ratio is normalized to unity at 1 GeV). The general good agreement is further demonstrated by the inset in Figure 6 which shows the ratio of the γ-ray intensity to the scaled proton intensity. Comparison between the integrated column density with the LAT-detected gamma-ray intensity as a function of nadir angle for events above 3.6 GeV. Two different model atmospheric profiles have been used: a simple barometric atmosphere with scale height of 6.8 km [22] shown as solid line and a more realistic atmospheric model from [23] . Shown are the measured gamma-ray intensity (solid circles) and the gamma-ray intensity deconvolved by the PSF of the median energy (4.7 GeV) of this data set (open circles). A good correspondence between the γ-ray intensity and the column density can be seen at angles Θ Nadir 68.3
• . For these angles the atmosphere is thin enough (column density < 10 g cm −2 ) so that no significant attenuation occurs and the γ-rays are directly related to the amount of target material for the incoming cosmic rays. The absolute level of the γ-ray intensity has been scaled to match the column density for the barometric atmosphere model.
IV. CONCLUSION
Data from the LAT have been used to study the γ-ray emission generated in the interactions of cosmic rays with the Earth's atmosphere for over more than four orders of magnitude between 100 MeV and 1 TeV with unprecedented precision. The data set contains 218 photons above 100 GeV, and 16 photons above 500 GeV. These measurements therefore demonstrate the capability of the LAT to detect and determine energies for photons up to TeV energies. Two-dimensional intensity maps as well as azimuthal and zenithal profiles and energy spectra of the Earth albedo emission have been derived which show several effects:
• A bright limb at the Earth's horizon. These limb γ-rays are dominantly generated by grazing-incidence cosmicray showers coming directly towards the LAT. The γ-ray spectral index follows the spectral index of the incident cosmic ray spectrum in the limb region up to γ-ray energies of E ≫ 100 GeV.
• A soft-spectrum nadir region dominated by γ-rays back-scattered at large angles originating from cosmic-ray showers developing deep into the atmosphere. Due to increasing collimation of secondary particles with increasing energies, these γ-rays show a much softer spectrum.
• An east-west modulation for energies below ∼ 10 GeV, caused by the deflection of primary cosmic rays in Earth's magnetic field. Higher energy cosmic rays are less affected by the magnetic field, resulting in a fading • < Θ nadir < 69.6
• (thin target case, gamma-ray attenuation is insignificant) with the scaled cosmic ray proton intensity (see text for details). The inset shows the ratio between the γ-ray data and the scaled proton data and shows the general good match between the two measurements. The data have been taken from Sanuki et al. [18] and Ryan et al. [17] .
modulation with increasing energy. The north-south ratio is equal to 1 within errors. Figure 7 shows a compilation of photons generated in the atmosphere of the Earth in the energy range between 10 keV and 1 TeV. A direct comparison of the measurements from different instruments is not straightforward, since different instruments are integrating over different regions of the Earth. Also, the measurements have been taken at different times during the solar cycle and therefore correspond to different levels of solar modulation of the primary cosmic rays. The peak of the Earth γ-ray albedo energy flux is in the LAT range (for the limb, but potentially also when averaging over the whole Earth). The position of this peak can be understood from the power-law index of the cosmic-ray spectrum and the fact that neutral pion production is the dominant process. It is similarly visible in the spectrum of the diffuse Galactic emission [30] . Evident in Figure 7 is the huge energy range over which the LAT can make spectral measurements.
The LAT data provide a picture of the γ-ray emission from the Earth's atmosphere unprecedented in energy range, resolution and statistical precision. The data can be used to understand and model the interaction of cosmic rays in Earth's atmosphere and magnetic field. Since the Earth is such a bright source for the LAT, these data also provide valuable information for γ-ray background studies and can eventually be used as a calibration source. Energy intensity for the Earth-originating γ-rays from keV to 500 GeV energies. The measurements from different instruments are not readily comparable since they have been taken in different points in the solar cycle and are also integrated over different areas of the Earth. Data points are taken from Ryan et al. [7] , Share and Murphy [12] , Ajello et al. [25] , Frontera et al. [26] , Schwartz and Peterson [27] , Churazov et al. [28] , Gehrels [29] .
